The testis is the main source of Fas ligand (FasL) mRNA in rodents; it is generally believed that this molecule, expressed on bordering somatic Sertoli cells, bestows an immune-privileged status in the testis by eliminating infiltrating inflammatory Fas-bearing leukocytes. Our results demonstrate that the attribution of testicular expression of FasL to Sertoli cells is erroneous and that FasL transcription instead occurs in meiotic and postmeiotic germ cells, whereas the protein is only displayed on mature spermatozoa. These findings point to a significant role of the Fas system in the biology of mammalian reproduction.
I
t is well known that the binding of the surface protein Fas ligand (FasL) to the Fas receptor triggers apoptosis in Fasbearing cells (1) . The Fas͞FasL system has been implicated in the regulation of immune response because it initiates the Fas-induced apoptosis of activated lymphocytes (2, 3) . This mechanism of immune down-regulation has been proposed as a way by which cells expressing FasL may establish a localized immune-privileged environment at a graft-site by inducing apoptosis in the host's infiltrating inflammatory cells (4) . The testis has long been known to be an immune-privileged site because of its ability to support allogeneic and xenogeneic tissue transplants (5) . Moreover, autoantigens expressed on differentiating germ cells elicit strong autoimmune reactions if injected elsewhere in the body, but are well tolerated in the testis (6) . Local immune tolerance in the testis has been considered to result from the presence of two mechanisms: (i) segregation of most of the autoantigens (7) and (ii) local production of immunosuppressive molecules (8) , both conditions being generated by Sertoli cells, the somatic cells of the seminiferous epithelium. Early studies on the expression of FasL mRNA in various mouse and rat tissues revealed that the testis is the main source of FasL mRNA in the body (9, 10) , whereas no expression of Fas was detected in the testis (11) . Subsequently, Bellgrau and colleagues published data (12) showing that mismatched grafts of mouse testis, which express FasL, survived, whereas grafts taken from gld donors, which lack functional FasL, were rejected. The authors suggested that immunoprivilege of the testis was due to FasL expressed on Sertoli cells.
The interaction of Fas with FasL also promotes the physiological deletion of potentially harmful or unnecessary cells in various tissues (13) . In fact, the Fas system controls homeostasis in various tissues, such as the liver and the peripheral lymphoid organs (14) , red blood cells (15) , and the epithelium of the small intestine (16, 17) . Thus, besides the presumptive immunoregulative functions of FasL in the testis, the Fas system has also been proposed as a regulator of physiological germ-cell apoptosis, essential for the development of functional spermatogenesis. In this model, FasL expressed by Sertoli cells initiates the apoptosis of germ cells expressing Fas (18, 19) . However, an extensive study on the morphology of gld mice testis (which lacks functional FasL) and on the spontaneous rate of germ cell apoptosis in these mutants did not reveal any significant difference between wild-type and gld mice; on the contrary, there was, in the testes of gld mice, a paradoxical slight increase in the spontaneous incidence of germ cell apoptosis (20) . These data suggest that FasL may not play a key role either in the control of germ cell apoptosis or in the establishment of immune privilege in the testis, because spermatogenesis was not perturbed and no infiltrating autoimmune leukocytes were observed in the gld testis.
It is generally accepted that FasL is expressed in Sertoli cells, whereas Fas antigen is expressed in the germ cells of rodents (18, 21) and humans (19, 22) . However, direct evidence by Northern blot analysis or in situ hybridization of the presence of Fas or FasL mRNAs in specific subpopulations of testicular cells has never been reported. Similarly, the literature on the cellular location of Fas or FasL proteins in the testis is confusing: Two groups of researchers have described a different distribution of FasL protein by using two different, commercially available, antibodies (both from the same company) in immunohistochemical analyses of the testis (18, 23) . Moreover, the specificity of several antibodies for FasL has been seriously questioned (24) (25) (26) . Therefore, a systematic study of the cellular distribution and regulation of Fas and FasL is warranted to clarify the role of these molecules in the testis.
Our previous findings have indicated that, in mouse Sertoli cell cultures from prepuberal testis, Fas antigen is present both as mRNA and protein, whereas FasL mRNA is absent (27) . In the present study, we extensively analyzed the expression of FasL in different testicular cell types, during testis development as well as in the various phases of spermatogenesis, in both mouse and rat. By using Northern blot analysis and in situ hybridization, we demonstrated that FasL mRNA is absent in Sertoli cells. By contrast, we observed a high expression of FasL mRNA and protein in purified populations of meiotic spermatocytes and of haploid spermatids. Moreover, we detected FasL protein also on the sperm cell surface. We confirmed our results by using in vivo models of germ cell deprived testes (28, 29) .
The presence of FasL in mature spermatozoa may be related to a self-defense mechanism of gametes against antispermactivated lymphocytes present in both male and female genital tracts.
penicillin, and 100 g͞ml streptomycin (Life Technologies) at 37°C under 5% CO 2 .
A plasmid pBL-MFLW4 carrying the full-length mouse FasL cDNA, a 0.94-kb XbaI fragment, has been described (2) . The rat FasL cDNA was cloned as described below. DNase I and collagenase A were purchased from Roche Molecular Biochemicals, collagenase type XI from Sigma, and trypsin from Difco.
Cloning of Rat FasL Probe. To produce the rat FasL probe corresponding to the amplified 285-bp DNA fragment (nucleotides 116-400) of rat FasL cDNA (9), we cloned the PCR product by using the standard molecular cloning technique (30) . The fragment was blunt-ligated into pUC18 vector according to the manufacturer's instructions (Amersham Pharmacia).
Preparation of Testicular Cells. Sertoli cells were prepared from 20-day-old Wistar rats as described (31) . Testes were sequentially digested for 30 min, first with Hanks' balanced salt solution (HBSS) containing 0.25% trypsin ϩ 10 g͞ml DNase and then with HBSS supplemented with 0.1% collagenase A ϩ 10 g͞ml DNase to remove interstitial tissue and peritubular cells. Fragments of seminiferous epithelium, mainly composed of Sertoli cells, were cultured at 32°C in 95% air and 5% CO 2 in serum-free Eagle's MEM supplemented with glutamine, nonessential amino acids, gentamicin, and streptomycin. After 3 days, Sertoli cell monolayers were incubated with 20 mM Tris⅐HCl buffer pH 7.4 for 2.5 min to remove residual germ cells. Sertoli cell cultures from CD1 mice were prepared as described above with minimal variations (32) . Sertoli cell cultures were routinely checked for possible contamination by macrophages and peritubular myoid cells by means of indirect immunofluorescence with antimacrophage monoclonal antibody (Mac-1 antigen CD11͞b, Roche Molecular Biochemicals) and by histochemical detection of alkaline phosphatase activity (33) . On the fourth day of culture, Sertoli cell monolayers were analyzed for FasL expression by flow cytometric analysis or were lysed for Northern blotting experiments. To have freshly prepared rat Sertoli cells at our disposal, a highly purified Sertoli cell fraction was obtained by layering collagenase digestion supernatant onto Percoll density gradient, as described in ref. 34 .
Germ cell suspensions enriched in the mitotic stages were collected by sequential collagenase A-hyaluronidase-trypsin treatment of testes from 7-to 8-day-old mice (35) . Cell suspensions were preplated for 4-5 h on 10-cm tissue dishes with MEM supplemented with glutamine, nonessential amino acids, gentamicin, streptomycin, penicillin, 2 mM sodium lactate, 1 mM sodium pyruvate, and 10% FCS in a 5% CO 2 atmosphere at 32°C. This step is required to allow adhesion of the somatic cells to the plastic. After this preincubation, floating mitotic germ cells were collected.
For germ cell preparation, seminiferous tubules from adult mice or rats were digested twice in HBSS containing 0.1% type XI-collagenase ϩ 10 g͞ml DNase to free them of interstitial and peritubular tissues. Germ cells in the pachytene spermatocyte, round spermatid, and elongated spermatid phases were obtained by elutriation of the unfractionated single-cell suspension as described (36) . Homogeneity of cell populations ranged from 80-85% (pachytene spermatocytes) or was 95% (round spermatids), and was routinely monitored morphologically. Germ cell fractions were centrifuged at 1,000 rpm for 10 min, washed twice in serum-free medium MEM supplemented with 2 mM sodium lactate and 1 mM sodium pyruvate, and immediately lysed for Northern blot analysis. For flow cytometric analysis, germ cells were incubated at 32°C for 18 h with matrix metalloproteinase inhibitor KB8301 (PharMingen), which blocks FasL cleavage (37) .
Epididymal spermatozoa were collected from CD1 active breeder males. Epididymis were minced with sterile scissors in 1 ml of a modified Krebs-Ringer medium as described (38) . Briefly, the spermatozoa were allowed to disperse for 5 min in medium supplemented with KB8301, and then centrifuged for 10 min at 800 g at 4°C. The sperm were resuspended in medium with 1% BSA, counted, and analyzed for FasL expression by flow cytometric analysis.
Irradiated and Cryptorchid Animals. Sertoli cell-enriched testes (SCE) were obtained by X-irradiating pregnant mothers with a single dose of 120 rad at gestation day 21 (29) . The male rats were killed at 15, 30, 41, and 63 days after birth and each testis was half fixed in 2.5% glutaraldehyde for morphological studies and half analyzed by Northern blot analysis.
Experimental cryptorchidism was induced in Wistar rats by translocation of one testis into the abdominal cavity, following procedures described in ref. 39 . Surgery was performed when the males were 8 to 10 weeks of age. Rats were killed 15 days after surgery and both abdominal and scrotal testes were subjected to morphological studies and Northern blot analysis.
Morphological Studies. Samples were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), postfixed in 1% OsO 4 in Zetterquist buffer, dehydrated in ethanol, and embedded in epoxy resin. Semithin sections (2 m) were stained with toluidine blue dye and photographed in a Zeiss compound microscope.
Northern Blotting. Total RNA was extracted by using TRIZOL Reagent (Life Technologies). Samples were processed following the manufacturer's protocol. RNA was subjected to electrophoresis, through a 1% agarose gel containing formaldehyde, and was transferred onto a nylon membrane (Schleicher & Schuell). The filters were prehybridized in hybridization buffer containing 50% formamide (Sigma), 10% dextran sulfate, 1% SDS, 1.2 M NaCl (Sigma), and sonicated salmon sperm (Stratagene), at 42°C for 4 h. Hybridization was performed overnight in prehybridization buffer containing 1 ϫ 10 6 cpm͞ml of [ 32 P]-labeled rat FasL cDNA. After washes, the blots were exposed to BIOMAX-MS film (Eastman Kodak).
In Situ Hybridization. The mouse FasL cDNA, cloned into pSKϩ Bluescript at XbaI site, was used to prepare sense and antisense probes. Radiolabeled cRNAs were synthesized by in vitro transcription in the presence of ␣-35 S-labeled UTP (125 Ci͞1 g cDNA; 1 Ci ϭ 37 GBq). Cryostat sections (7 m) were mounted on poly-L-lysine (Sigma) coated microscope slides, fixed in 4% formaldehyde in PBS, and stored at Ϫ80°C until analyzed. For in situ hybridization, the sections were digested with 1 g͞ml proteinase K in 10 mM Tris⅐HCl (pH 7.5) and 1 mM EDTA for 7 min at 37°C, acetylated with 0.25% (vol͞vol) acetic anhydride in 0.1 M triethanolamine at room temperature for 10 min and incubated in 0.1 M Tris⅐HCl (pH 7.0) and 0.1 M glycine at room temperature for 30 min. A quantity amounting to 1.0 ϫ 10 6 cpm of 35 S-labeled RNAs was applied to each section in 10-15 l of hybridization mixture and incubated overnight at 50°C. Sections were washed in 2ϫ SSC (1ϫ SSC ϭ 0.15 M sodium chloride͞ 0.015 M sodium citrate, pH 7), 50% formamide, and 0.01 M DDT at 50°C for 20 min; and in 0.2ϫ SSC, 50% formamide, and 0.01 M DDT at 50°C for 30 min. Unhybridized transcripts were digested with 10 g͞ml RNase A at 37°C for 30 min. The slides were washed again in 2ϫ SSC, in 50% formamide at 50°C for 15 min, a further four times in 2ϫ SSC at room temperature, and dehydrated in graded ethanol and air dried before immersion in ILFORD-K2 emulsion (Ilford). Slides were exposed for 1 to 3 weeks, developed in Kodak D-19 developer, fixed, and counterstained in carmallume. Specificity controls, which included the use of sense mRNA probe in each experiment, revealed the absence of significant labeling. Cells were gated by using forward versus side scatter to exclude dead cells and debris. Fluorescence of 10 4 cells͞sample was acquired in logarithmic mode for visual inspection of the distributions, and in linear mode to quantify the expression of the relevant molecules by calculating the mean fluorescence intensity. To detect intracellular FasL protein, the cells were fixed with 1% cold paraformaldehyde for 20 min, whereas 0.1% saponin in HBSS was used for permeabilization (40) .
Besides the morphological analysis, DNA was stained with propidium iodide for ploidy analysis to evaluate the purity of each germ cell fraction, as previously described (41) .
Results

FasL Expression During Testis Development.
To study the expression of FasL during the development of the testis, we performed a Northern blot analysis of total testes RNA from rats of different ages.
The FasL signal in the testis was detectable from the age of 30 days, subsequently increased, and remained constant in the adult testis (Fig. 1a) . Similar results were obtained in the mouse, in which prepuberal testis was negative for FasL signal, whereas adult testis was strongly positive (data not shown).
Lack of FasL Expression in Cultured Sertoli Cells and in Sertoli
Cell-Enriched Testes. To study which cell types actually express FasL in the testis, we performed a Northern blot analysis on RNA from purified populations of single cell types present in the seminiferous epithelium. We did not detect any signal for FasL RNA in primary cultures of Sertoli cells from testes of rat at different ages (from 10 to 30 days), nor in freshly prepared Sertoli cells from prepuberal rats (Fig. 1b) . The latter result demonstrates that fresh Sertoli cells, highly purified on Percoll gradient, are negative for FasL RNA, thereby ruling out the possible effect of culture conditions on FasL expression.
On the other hand, the adult rat testis expresses FasL. It is not, however, as yet possible to obtain sufficiently pure Sertoli cell preparations or in vitro cultures from adult rat or mouse testis because of the complex histological architecture of the mature seminiferous epithelium, in which Sertoli cells account for about only 5% of the total cellular population (42) . Therefore, to verify whether the strong expression of FasL mRNA in the adult testis depends on Sertoli cells, we used two different in vivo experimental models to obtain adult rats with SCE. It is well known that rats irradiated in utero are born with ''Sertoli-cell-only testes,'' because of the selective depletion of the radiosensitive germ cells (29) . Rats born from irradiated mothers were killed 15, 30, 41, and 63 days after birth, and the testes were used for histological and Northern blot analysis. As shown in Fig. 2a , testes from adult rat irradiated in utero completely lack differentiating germ cells; they contain Sertoli cells and germ stem cells alone until 41 days after birth; later on, spermatogenesis resumes and spermatocytes appear in the seminiferous tubules of the testes of 63-day-old rats (Fig. 2b) . As regards FasL mRNA expression, we did not detect any signal for FasL in irradiated Sertoli-cell-only testes, whereas the signal for FasL mRNA was evident in the testes of 63-day-old rats containing meiotic germ cells (Fig. 2e) . We performed a similar study using an alternative experimental model. When the adult normal testis is surgically fixed in the abdomen, mature stages of germ cells are lost; this experimental model is widely used to investigate testicular function. We therefore performed a series of experiments using adult unilateral cryptorchid rats, in which one testis is moved into the abdomen while the other is left in the scrotum. Cryptorchid rats were killed 15 days after surgery and the testes were resected, weighed, and examined by both morphological and Northern blot analysis. Histological analysis of cryptorchid testes showed total absence of differentiating germ cells in the seminiferous epithelium, which was composed exclusively of Sertoli cells and spermatogonia (Fig. 2c) , whereas the morphology of the controlateral scrotal testis was normal (Fig. 2d) . As shown in Fig. 2e , our results are comparable to those obtained in irradiated animal experiments, because FasL mRNA is present in the scrotal testis, whereas the signal in the abdominal cryptorchid testis is absent.
FasL Expression in Mouse and Rat Germ Cells.
To further investigate which cells within the seminiferous epithelium express FasL, we purified single populations of germ cells that were subsequently analyzed by Northern blot analysis. As shown in Fig. 3a , mRNA for FasL is predominantly expressed in round spermatids and, to a lesser extent, in pachytene spermatocytes in mouse and rat testis.
To confirm FasL expression by germ cells, we applied the in situ hybridization (ISH) method to rat testes by using an antisense FasL riboprobe as described in Materials and Methods. We used ISH to study both prepuberal and adult rat testes. No signal was detected in prepuberal rat testis sections (data not shown). A distinct pattern of ISH was observed within the seminiferous epithelium of adult rats. Labeling for FasL mRNA was present only in postmeiotic germ cells, particularly in elongated spermatids, whereas Sertoli, peritubular, and interstitial cells were constantly negative (Fig. 3b) . The labeling observed with the FasL probe is specific, because appropriate controls using the sense probe did not reveal any signal (Fig. 3c) .
Protein Localization of FasL. Several data regarding the detection of FasL protein by means of antibodies have been published. Some of these data have recently been criticized and the specificity of most of the antibodies used widely questioned (25) .
To investigate the possible role of FasL in vivo, we performed a series of experiments aimed at accurately locating this protein within the seminiferous tubules. We tested several antibodies [Santa Cruz Biotechnology polyclonal anti-FasL C20; Transduction Laboratories (Lexington, KY) mAb33; mAb H11, kindly provided by M. Hahne (Institute for Biochemistry, University of Lausanne, Epalinges, Switzerland)] by immunohistochemistry, immunofluorescence, and Western blot analysis, obtaining contradictory results.
To estimate whether FasL protein colocalized with FasL mRNA expression, we performed a flow cytometric analysis by using an anti-rat and -mouse FasL antibody (MFL4) that fulfilled all of the specificity control requirements (Fig. 4 l and m) . Because several findings suggest that FasL may be stored in specialized cytoplasmatic vesicles (43, 44), we performed the experiments both on intact and permeabilized cells, as described in Materials and Methods. Moreover, as FasL could be shed, at least in vivo (37) , by a matrix metalloproteinase to yield soluble FasL, we performed all of the experiments in the presence of a metalloproteinase inhibitor-KB8301, which specifically blocks FasL cleavage.
Both permeabilized and intact Sertoli cells were, according to Northern blot results, negative for the MFL4 antibody (Fig. 4 d  and g ). Although we detected mRNA for FasL both in spermatids and spermatocytes, we did not detect any significant expression of FasL protein on the surface of these cells by flow cytometric analysis (Fig. 4 e and f ) . By contrast, a significant level of FasL signal appears on spermatids after permeabilization (Fig. 4i) .
We therefore investigated the presence of FasL on spermatozoa collected from the epididimis of rats and mice, detecting a high expression of FasL on the surface of these cells (Fig. 4o) . To quantify the amount of FasL exposed on spermatozoa, we compared it with FasL protein present on splenocytes stimulated with anti-CD3 antibody for 48 h. We observed that the fluorescence intensity for FasL on the surface of spermatozoa was higher than that on stimulated splenocytes (Fig. 4 n and o) .
To evaluate the purity of each cell population gated in flow cytometric analysis, DNA was stained with propidium iodide for ploidy analysis, as an additional marker to morphology, to differentiate between Sertoli cells (2n), pachytene spermato- cytes (4n), and postmeiotic round spermatids (n). As shown in Fig. 4 a-c , the purity of all of the cell fractions analyzed was higher than 90%.
Discussion
In this study we demonstrate that high FasL expression in rodent testis is, contrary to claims in the literature, due to differentiating germ cells rather than to Sertoli cells. Our results were obtained both in vitro, on purified populations of testicular cells, and in vivo, by analysis of adult rat testes devoid of meiotic and postmeiotic germ cells by means of two different experimental methods (cryptorchidism and irradiation in utero). Northern blot analysis revealed the absence of FasL mRNA in the prepuberal testis as well as in purified populations of Sertoli and spermatogonial stem cells. Strong positivity was instead evident in adult testes and in highly purified populations of meiotic pachytene spermatocytes and haploid round spermatids. A total absence of FasL mRNA was observed in testes from irradiated rats and in cryptorchid testes lacking germ cells, whereas strong FasL mRNA expression was present in controlateral scrotal testes.
Further evidence of FasL expression in mature stages of germ cells is the late appearance of FasL mRNA in adult testes from rats irradiated in utero, corresponding with the delayed onset of spermatogenesis following re-colonization by stem germ cells. In fact, in this model complete spermatogenesis was restored (after varying times depending on the amount of X-rad used), which indicates that stem cells remained functional and that the testis environment was normal. Recently, other authors have shown the presence of FasL mRNA in mouse Sertoli cells by ISH on paraffin-embedded sections (45) . Our in situ data contradict this finding, but are in accordance with our parallel Northern blot and cytometric analyses results. These contrasting results may be due to the fact that we performed the ISH experiments in cryosections of rat testis and consequently used different technical procedures.
By using ISH, we were able to confirm a strong signal for FasL in postmeiotic haploid cells (i.e., spermatids) but not in meiotic cells (spermatocytes), as was instead shown by Northern blot analysis. We believe that, because of technical problems and͞or the characteristics of the probe used in our study, the ISH was not very sensitive, allowing the detection of only the strongest FasL expression in spermatids.
We did not detect FasL protein on the surface of maturing germ cells expressing high levels of FasL mRNA, finding it only within their cytoplasm. These results suggest the presence of a mechanism, yet to be explored, that regulates the display of the FasL protein on the cell surface.
By contrast, spermatozoa display on their surface a concentration of FasL that is as high as, if not higher than, that observed on the surface of activated lymphocytes. Considering that the transcription rate of condensed sperm chromatin is minimal, it seems reasonable to assume that mRNA for FasL is accumulated during earlier stages of spermatogenesis and spermiogenesis, and that the protein is partially accumulated to be displayed in mature spermatozoa.
In 1995, Bellgrau and colleagues (12) suggested that FasL is expressed on Sertoli cells and is responsible for immunoprivilege in the testis in a report based on a reverse transcription (RT)-PCR analysis for FasL on ''freshly prepared'' Sertoli cells from adult mice. Such preparations are known to contain significant amounts of germ cells and the use of RT-PCR may result in misleading interpretations. Several antibodies to FasL are available and most researchers and companies now use Sertoli cells as a positive control. Numerous papers in which these antibodies have been used have given rise to much speculation as to which Sertoli cells are assumed to be responsible for FasL production in the testis. Our results provide direct evidence based on Northern blot analysis and various other experimental approaches that the attribution of testicular expression of FasL to Sertoli cells is erroneous and that FasL transcription occurs, instead, in differentiating germ cells, the protein only being displayed on the surface of mature spermatozoa.
A recent commentary in Nature Medicine (25) pointed out ''the continued proliferation of erroneous ideas about FasL'' as a result of both technical problems (not highly specific antibodies) and the widely held misconception that FasL is the ''enforcer'' of immune privilege and tumor escape, a paradigm contradicted by several reports (46) (47) (48) .
We agree with this commentary and believe that the roles so far proposed for the Fas system in the testis, such as maintenance of immunoprivilege (12) and regulation of physiological germ cell apoptosis (18) , need to be reconsidered because both hypotheses are based on an erroneous cellular location of Fas and FasL in the seminiferous epithelium.
It is intriguing that the testis is the only organ that constitutively expresses abundant amounts of FasL mRNA, and it is hard to believe that the sole physiological function of this molecule is the elimination of potentially infiltrating leukocytes expressing Fas. However, it should be remembered that in normal conditions lymphocytes do not come into contact with cells of the seminiferous epithelium, and that physiological germ cell apoptosis is not affected in gld mice lacking functional FasL (20) . 
